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Fiber-based thermometry using optically detected magnetic resonance Modern optics offers a vast arsenal of tools for temperature measurements under hostile conditions and in remote sensing arrangements. Coherent Raman spectroscopy 1 is widely used for thermometry of combustion, flames, and plasmas, 2,3 enabling a remote online monitoring and diagnostics of internal combustion engines and flames in reaction chambers. Fiber-optic sensors, on the other hand, provide indispensable instruments for temperature measurements in harsh and corrosive environments, including high-voltage generators and lines, plasmas in semiconductor manufacturing equipment, as well as medical tests using magnetic resonance imaging and nuclear magnetic resonance systems. 4, 5 The temperature sensitivity of magnetic-resonance spectra of nitrogen-vacancy (NV) centers in diamond 6 has been recently shown to enable a new modality of optical thermometry, allowing temperature measurements with a millikelvin accuracy and an unprecedented, nanometer-scale spatial resolution, 7 thus offering a unique tool for a thermometry of living cells.
Here, we show that the recently developed fiber-optic probes coupled with NV centers in diamond and integrated with a microwave transmission line can enable fiber-format optical thermometry with an accuracy of 0.02 K and spatial resolution limited by the size of a diamond crystal attached to the tip of an optical fiber. The electron spin of NV centers in a diamond microcrystal attached to the tip of this fiber probe is manipulated by a frequency-modulated (FM) microwave field and is initialized by laser radiation transmitted through the optical tract of the fiber probe. The photoluminescence (PL) spin-readout return from NV centers is captured and delivered by the same optical fiber, allowing the spatial temperature profiles to be mapped with a high speed and high sensitivity by applying a properly optimized differential lock-in detection technique.
To demonstrate fiber-based thermometry, we use a compact probe that integrates 8, 9 an optical fiber, an NV-diamond quantum sensor, and a microwave transmission line. For the NV-diamond sensor, we use high-pressure high-temperature commercial diamond microcrystals, which were enriched with NV defects by irradiation with MeV electrons on an accelerator and annealing at a high temperature, yielding a density of NV centers up to 10 16 cm
À3
. A diamond microcrystal with a diameter of 250 lm was attached ( Fig. 1) to the tip of an optical fiber with a core diameter of 200 lm and a numerical aperture NA % 0.2 with a mechanical manipulator under an optical microscope and fixed on the fiber tip with ethyl cyanoacrylate glue.
The electron spin of the ground-state triplet of NV centers is manipulated in our sensor through the electron spin resonance with a microwave field, which is delivered to the diamond microcrystal with NV centers through a two-wire transmission line, running along the optical fiber ( Fig. 1 ) and consisting of a pair of copper wires 50 lm in diameter each. The two-wire transmission line is short-circuited with a loop, winding around the fiber tip ( Fig. 1) and inducing a microwave field distribution with a maximum at the location of diamond microcrystal.
Optical polarization and initialization of NV centers in diamond are provided by the 5-mW, 532-nm second-harmonic output of a compact cw Nd: YAG laser, which is delivered to the diamond microcrystal on the fiber tip through the 200-lm-diameter core of the fiber probe (Fig. 1 ). This laser radiation couples the 3 A ground electronic state to the 3 E excited state, giving rise to photoluminescence (the red line in Fig. 2(a) ), featuring a characteristic zero-phonon line, which is observed at approximately 637 nm at room temperature against a broad phonon-sideband line, stretching down to 800 nm. The PL emitted by laser-initialized NV centers within the 630-800-nm wavelength range is collected by the same optical fiber, 8, 10 and is transmitted through this fiber to the detection system, consisting of a silicon photodiode, a lownoise preamplifier, and a lock-in amplifier (Fig. 1) .
In the absence of external magnetic fields, the m s ¼ 0 and m s ¼ 61 states are split by X s % 2.87 GHz ( Fig. 2(a) ). The laser pump spin-polarizes NV centers, accumulating them in the m s ¼ 0 state through spin-selective decay paths. [11] [12] [13] For NV centers in the m s ¼ 61 state, the PL yield is lower than that typical of NV centers in the m s ¼ 0 state, because a substantial fraction of the m s ¼ 61 excitedstate population is transferred to the m s ¼ 0 ground level via a metastable singlet state (the 1 A state in Fig. 2(a) ), which does not contribute to the 630-800-nm PL band. Thus, the intensity of the PL signal, I PL , decreases when a microwave field delivered by the transmission line integrated into our fiber probe is tuned to the zero-field splitting frequency X s , transferring population from the m s ¼ 0 state to the m s ¼ 61 sublevels (Fig. 2(a) ). This effect is observed as a well resolved feature in the PL intensity I PL measured as a function of the microwave frequency X. Even in the absence of external magnetic fields, a local strain removes the degeneracy of this resonance, giving rise to two well-resolved features in I PL (X) spectra (Fig. 2(b) ). As the temperature of diamond increases, this profile of the zero-external-magnetic-field resonance is shifted, as shown in the earlier work, 7 toward lower microwave frequencies, enabling temperature measurements with a high spatial resolution. In our experiments, this method of thermometry is implemented in a fiber format.
For high-speed, high-sensitivity temperature measurements, the electron spin of NV centers is manipulated in our experiments with a FM microwave field (Fig. 2(b) ), following the method of real-time magnetic-field sensing earlier demonstrated by Schoenfeld and Harneit.
14 In this scheme, a compact voltage-controlled oscillator (VCO) delivers a microwave field within a frequency range from 2.3 to 3.1 GHz with a power of 5 dBm and a linewidth of less than 1 kHz. A programmable digital-to-analog converter is used to apply a rectangular frequency modulation to the VCO output (blue line in Fig. 2(b) 
where X m is the central frequency of the microwave field, D is the amplitude of frequency modulation, m is the frequency modulation rate, and n is an integer.
The central frequency of the FM microwave field X m is chosen in such a way as to coincide with the central frequency X s of zero-field magnetic resonance at T z ¼ 306 K. The modulation frequency is set at m % 1330 Hz. Modulation at the same frequency is also applied to a reference signal used for lock-in detection. With the amplitude of frequency modulation chosen equal to D % 5.5 MHz, the difference between the PL signals I PL (X 1 ¼ X m -D) and I PL (X 2 ¼ X m þ D) at T z is zero (dashed curve in Fig. 2(b) ). As the magnetic resonance is shifted in response to temperature variations, the lock-in amplifier delivers a signal (the red line in Fig. 2(b) ) proportional to the difference of PL intensities at the frequencies X m 6 D (solid curve in Fig. 2(b) ).
The diamond microcrystal on the fiber tip is heated in our experiments by 532-nm laser radiation delivered through the optical tract of the fiber (Fig. 1) . The increase in the laser power P delivered to the diamond microcrystal shifts the zero-field magnetic resonance in the I PL (X) spectra toward lower microwave frequencies (Figs. 3(a) and 3(b)), indicating a heating of diamond and allowing the temperature of diamond to be retrieved from the spectral shift of the zero-field magnetic resonance (Fig. 3(c) ). Moreover, within a broad range of laser powers (up to 40 mW in Figs. 3(a) and 3(b) ), the frequency shift of the zero-field magnetic resonance and, hence, the temperature of diamond retrieved from this shift are accurately fitted with a linear function of the laser power. Within this range of laser powers, the central frequency of the zero-field magnetic resonance X s is also accurately fitted by a linear function of temperature T with dX s /dT % 74 kHz/K (Fig. 3(c) ), which agrees well with the results of earlier studies. 7 The validity of this calibration of the NV-diamond fiber thermometer was verified within a broad range of temperatures through a series of test experiments reproducing canonical cases of standard heat conduction theory, based on the heat conduction equation c p q@T=@t ¼ ar Àm @ðr m @T=@rÞ=@r, where c p is the heat capacity, q is the density, m ¼ 1 for a cylindrically symmetric geometry and m ¼ 2 for a spherically symmetric arrangement, T ¼ T(r, t) is the temperature, r is the cylindrical radial coordinate for m ¼ 1 and the spherical radial coordinate in the case of m ¼ 2, t is the time, and a is the thermal conductivity.
In the first experiment, the diamond microcrystal on the tip of the fiber was heated by laser radiation until a stationary level of the PL signal was achieved, whereupon laser radiation was switched off, and the temperature decrease of a cooling diamond was measured using the above-described experimental procedure. Results of these measurements are presented by dots in Fig. 4(a) . These measurements are analyzed by using the heat conduction equation with m ¼ 2, r understood as the spherical radial coordinate, and a diamond microcrystal on the tip of the fiber approximated by a spherical particle with a typical radius R d % 150 lm. This heat conduction equation is solved separately for diamond, with , and silica (fiber material), with a s % 1.38 W/(m K), c p,s % 2052 J/(kg K), and q s % 2200 kg/m 3 . Since the thermal conductivity of silica in the fiber is much higher than that of air, the cooling of laser-heated diamond occurs predominantly through the diamond-silica interface. The solutions to the heat conduction equation in diamond and silica should meet the fourth-kind boundary conditions, dictated by the experimental geometry, requiring the equality of temperatures and heat fluxes on the surface of the diamond microcrystal. Solution to the heat conduction equation, as can be seen from Fig. 4(a) , provides an accurate fit for the experimental results, reproducing a rapid decrease in the temperature of the diamond microparticle on the fiber tip to the steady-state temperature on a subsecond time scale.
In a second experiment, our NV-diamond fiber thermometer was used to measure a temperature distribution at a certain distance from a copper wire with a radius R 0 % 0.1 mm, heated by a temperature-controlled soldering iron. The heated wire was mounted on a three-dimensional translation stage and scanned relative to the fiber probe. Results of these measurements were analyzed by solving the heat conduction equation in the cylindrical geometry, with m ¼ 1 and r understood as the cylindrical radial coordinate, for the air. Since the thermal conductivity of copper (% 400 W/(m K)) is much higher than the thermal conductivity of atmospheric air, we solve the heat conduction equation for atmospheric air with the firsttype boundary condition defined on the surface of the metal wire, T(R 0 , t) ¼ T 0 , where T 0 is the temperature of the wire, which is kept constant by an external heat source. For the conditions of our experiments, we set T 0 % 390 K.
Heat conduction equation analysis shows that the temperature gradient induced by the copper wire in our experiments reaches its steady-state profile on a time scale of about 1 s (Fig. 4(b) ). The map of the steady-state temperature distribution measured along the copper wire is shown in Fig.  4(c) . The temperature profile predicted by the heat conduction equation agrees very well with experimental measurements (cf. Figs. 4(c) and 4(d)). Since the plane of the heated wire is tilted with respect to the plane of scanning by 1.2 , the separation between the fiber probe and the metal wire increases as the fiber probe is scanned from the center of the wire to its ends. As a result, the temperature measured by the fiber probe lowers. This tendency is also is in full agreement with the heat conduction equation analysis.
In a separate experiment, the stability of temperature measurements was studied as a function of the integration time s of the lock-in amplifier. In these experiments, the diamond microcrystal on the tip of the fiber was irradiated by laser light with a constant peak power, helping to keep diamond at a constant temperature, T 0 % 296 K. Temperature measurements with an integration time s ¼ 1 s yield a trace ( Fig. 5(a) ) with a typical standard deviation r % 0.06 K (dashed line in Fig. 5(a) ), which sets a limit on the accuracy of temperature measurements. Increasing the integration time up to s ¼ 10 s helps to reduce fluctuations on experimental temperature traces (Fig. 5(b) ), lowering the standard deviation of temperature measurements down to r % 0.02 K (dashed line in Fig. 5(b) ).
To summarize, we have shown in this work that fiber-optic probes coupled with NV centers in diamond and integrated with a microwave transmission line enable fiberformat optical thermometry with a spatial resolution limited by the size of the diamond crystal attached to the tip of an optical fiber. Temperature measurements with an accuracy of 0.02 K have been performed by combining this NVdiamond fiber thermometer with a properly optimized differential lock-in detection technique. Due to the unique combination of a high accuracy and high spatial resolution, the fiber thermometer developed in this work offers a powerful tool for on-line temperature measurements in hostile environments and in vivo monitoring of heat-related contrasts in biological systems.
